Two-Fermi-surface superconducting state and a nodal d-wave gap in the 
electron-doped Smi 85Ceo.i5Cu04 ^ cuprate superconductor. 



A. F. Santander-Syro/^^ M. Ikeda,^ T. Yoshida,^ A. Fujimori,^ 

K. Ishizaka,** M. Okawa,"* S. Shin,'* R. L. Greene,^ and N. Bontemps^ 
^CSNSM, Universite Pans-Sud and CNRS/IN2P3, 
Bdtiments 104 108, 91405 Orsay cedex, France. 
^Laboratoire Physique et Etude des Materiaux, UPR-5 CNRS, 
ESPCI, 10 rue Vauquelin, 75231 Paris cedex 5, France. 
^Department of Physics, University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113-0033, Japan. 
"^Institute for Solid State Physics, University of Tokyo, Kashiwa, Chiha 277-8581, Japan, and 
^ Center for Nanophysics and Advanced Materials, Department of Physics, 
University of Maryland, College Park, MD 20742. 
(Dated: January 19, 2013) 

We report on laser-excited angle-resolved photoemission spectroscopy (ARPES) in the electron- 
doped cuprate Smi.85Ceo.i5Cu04_a. The data show the existence of a nodal hole-pocket Fermi- 
surface both in the normal and superconducting states. We prove that its origin is long-range 
antiferromagnetism by an analysis of the coherence factors in the main and folded bands. This 
coexistence of long-range antiferromagnetism and superconductivity implies that electron-doped 
cuprates are two-Fermi-surface superconductors. The measured superconducting gap in the nodal 
hole-pocket is compatible with a d-wave symmetry. 

PACS numbers: 74.25.Jb, 74.72. Ek 



In cuprates, the ground state at half-filling is an an- 
tiferromagnetic (AFM) insulator, and superconductivity 
appears upon doping [l|. In the electron-doped cuprates, 
the superconducting (SC) and Neel temperatures, as well 
as the actual carrier density, depend on both the Ce {x) 
and 0-vacancy {6) concentrations In these materi- 
als, transport studies 0, |3] suggested a coexistence of 
antiferromagnetism and superconductivity up to dopings 
X K, 0.16, slightly above the optimal doping {x = 0.15) 
On the other hand, inelastic neutron scattering experi- 
ments claimed that long-range antiferromagnetism and 
superconductivity are adjacent, rather than coexisting, 
phases Q . These apparently contradictory results might 
be related to different annealing conditions, as stated 
above, or sample inhomogeneity. 

Previous ARPES experiments in reduced SC samples 
reported band folding [a-Bj interpreted as either due to 
an anisotropic AFM gap [7[ or to short-range-order an- 
tiferromagnetism [sl. A Fermi-surface electron-pocket 
around (0,7r/a) (a is the in-plane lattice parameter) 
was observed in underdoped or optimally-doped sam- 
ples [Si, J,]. Other ARPES j).] and Raman 10] experi- 
ments in optimally doped samples claimed a continuous 
'non-monotonic d-wave' SC gap, with the gap increasing 
from zero at (7r/a,7r/a) to a maximum near the 'hot- 
spots', where the Fermi surface crosses the AFM zone- 
boundary, and stalling at a nearly constant amplitude 
in the region between the hot spots and (0,7r/a). Re- 
cently, Shubnikov-de Haas (SdH) oscillations in SC sam- 
ples of Nd2-a;CexCu04_5 showed the existence of small 
Fermi-surface pockets of area ^ 1.1% of the Brillouin 
zone in optimally- and slightly over-doped samples, in- 
terpreted as the nodal hole pockets created by long-range 



AFM ordering 11]. However, the crucial issues of prov- 
ing directly the coexistence of long-range antiferromag- 
netism and superconductivity, the existence of a nodal 
hole-pocket Fermi-surface, and how the SC gap opens 
over the AFM-folded band structure, remain open. 

Laser-excited ARPES is essential to address these 
questions. First, electron-doped cuprates do not present 
a unique terminal surface upon cleaving, because of their 
crystal structure. This calls for a bulk sensitive tech- 
nique. Second, their nodal Fermi wave-vector is very 
close to the AFM zone boundary, so that any folded 
bands are very close in momentum space -besides hav- 
ing weak spectral weight and large linewidths ]12]. This 
needs high momentum resolution and low background 
from inelastically-scattered electrons. Third, the ex- 
pected SC gap is of the order of a few meV, requiring 
high energy resolution. Laser-ARPES gathers all these 
advantages, due to the low photoelectron kinetic energy 
and the high intrinsic resolution of the laser light ISl, [iJ] . 

In this Letter we show, using laser- ARPES, that long- 
range antiferromagnetism and superconductivity coex- 
ist in the electron-doped cuprate Smi 85Ceo.i5Cu04_5 
(SCCO). The data reveal, for the first time, a hole-pocket 
Fermi-surface around (7r/2a, 7r/2a). The spectral weights 
in the 'main' and 'folded' bands of this hole-pocket co- 
incide with the coherence factors of a system with ho- 
mogeneous long-range antiferromagnetism. The SC gap 
observed in the hole pocket is d-wave like. Our data im- 
ply that electron-doped cuprates are two-Fermi-surface 
superconductors . 

High-quality single crystals of SCCO were grown by a 
fiux method and then annealed under low-oxygen pres- 
sure to render them SC [iSi with a Tr — 12.5 K de- 
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termined by SQUID magnetometry. Wavelength disper- 
sive X-ray analysis yielded x = 0.15 ± 0.01. The high- 
resolution laser-ARPES experiments were performed 
with a Gammadata R4000 analyzer and an ultraviolet 
laser at hv = 6.994 eV [l^. The energy and momentum 
resolutions were respectively 2 meV and 3 x lO^'^ A^^. 
The pressure of the chamber was < 5 x 10~^^ Torr 
throughout all the measurements. The Laue-oriented 
crystals were cleaved in situ at 5.7 K, just before the 
measurements. The doping was checked by a Fermi- 
surface fit to the experimental Fermi momenta in the 
nodal arc using a single-band tight-binding model [l7| . 
giving Tie = 0.14±0.01 per formula unit. 

We recall that ARPES measures the occupied part of 
the energy (w) and momentum (k) dependent single- 
particle spectral function A(k, w). We note ek the 
independent-particle dispersion, Q = (tt/o, tt/o) the fold- 
ing vector, and A the AFM gap at k = Q. Then, the 
conduction [E^, +) and valence (i?^, — ) bands in the 
presence of long-range AFM order are [3, : 



with 



The spectral function is 18, 19l |: 



A(k,w) = 



\ [ek + ek+Q ± El] , 
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where F is the electron scattering rate. The coherence 
factors, which quantify the removal probabilit y of an elec- 
tron from the 'main' and 'folded' bands, are |l8l. [l9j: 



£k — Ck+Q 



1 - 



ek - gk-l-Q 



(4) 

Experimentally, we only have access to features be- 
low Ep, namely Ef^ and V^. However, for /c |j at 
ky = 7r/2a, it can be shown that F^(7r/2a -|- fc,7r/2a) = 
C/^(7r/2a — fc, 7r/2a). In this case, the spectral weights of 
the main and folded bands helow Ep correspond to 
and U^, respectively, verifying the sum rule U^ + V^ = 1. 

Figures. [Ha-c) are a guide to our data analysis. They 
present a simulation of AFM folding in the spectral func- 
tion of an electron-doped cuprate using values for the 
AFM gap and scattering rate close to the ones inferred 
from our data (see later). Due to coherence factors and 
the scattering introduced in the simulation, the folded 
band is seen neither in the Fermi surface shown in fig- 
ure [ija) nor in the energy-momentum map along the 
node shown in figure[TJb). However, its presence yields a 
shoulder (or an overall assymetric line-shape) in the mo- 
mentum distribution curves (MDCs), as in figure [IJc), 
and observed in the data discussed below. 
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FIG. 1: (a-c) Simulation of an optimally-electron-doped 

cuprate [l7|], with an AFM gap of 150 meV, and a scattering 
rate of 200 meV. Panel (a) shows the Fermi surface with- 
out and with folding (black and red lines, respectively), and 
spectral function at Ef (color plot). The dashed gray line 
represents a cut parallel to kx passing through the node, as 
in our experiments, (b) Energy-momentum map along the 
dashed gray line in (a), (c) MDC along the red line in (b) at 
E — —50 meV. The main and folded bands are shown with 
the blue and green arrows, respectively, (d-g) Experimental 
energy-momentum maps and momentum distribution curves 
in the normal state (N) at 20 K [(d) and (e)] and in the SC 
state at 5.7 K [(f) and (g)]. Panels (e) and (g) display a fit to 
the MDC at i5 = —50 meV using two Lorentzians of the same 
width for the main (blue) and folded (green) bands. The re- 
sulting fit function is the black curve on top of the data. The 
dashed blue and green lines are guides to the eye, to show the 
dispersion of the main and folded bands. In all figures, the 
AFM zone boundary is shown by a black dashed line. 



Figures md-g) show measurements for cuts along 
passing through the node. Figs. [T](d, e) present the mea- 
sured energy-momentum intensity maps and the corre- 
sponding MDCs, in the normal state at 20 K [to be 
compared to figures [Hb)-(c)]. Figs. [TJf, g) display the 
equivalent data in the SC state at 5.7 K. Note that, as 
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FIG. 2: (a) Dispersion of the main and folded bands (blue and 
green filled circles, respectively) and fit with a tight binding 
model with an AFM gap of 130 meV (gray curve). The verti- 
cal dashed line shows the position of the AFM zone boundary 
deduced from the experimental geometry with its associated 
error due to a possible in-plane sample misalignment smaller 
than 3°. (b, c) Spectral weight of the main and folded bands, 
and C/| (blue and green open circles, respectively), total 
spectral weight (red open circles), and coherence factors cal- 
culated from the fit in panel (a) (gray curves), plotted as a 
function of energy in (b), and as a function of momentum in 
(c). In all panels, the error bars are of the symbols' size. 



in the simulations, the MDCs in both the normal and 
SC states present an asymmetric shape, with a distinct 
peak at wavevectors smaller than the AFM zone bound- 
ary (kAF, black dashed line) and a shoulder at > kAp- 
The peak and shoulder disperse towards each other as 
they approach Ep- We found that the MDCs can be 
very well fitted by two Lorentzians symmetrically dis- 
tributed around kAp, of equal width (full width at half 
maximum ^ 0.1 A~^) but different amplitudes, as shown 
by the fits to the MDCs at = -50 meV in FigslUJe, g) 
(we checked that relaxing all these conditions does not 
change the results that follow). This is fully compatible 
with the simulations shown in Fig. [IJc). Therefore, we 
ascribe the peak and shoulder features to the main and 
folded bands at the AFM wave vector, respectively. To 
prove that such an assignment is correct, we determined 
the coherence factors for the main and folded bands in 
the normal state by using the two independent methods 
described below. 

For the first method, we performed the above two- 
Lorentzian fits for the MDCs in the range —50 meV < 
E < —30 meV, because for energies closer to Ep the 
fit breaks down. The widths of the Lorentzians were 
found to be constant within experimental uncertainties 
in this energy range. Thus, the amplitude parameter 
of each Lorentzian represents and for the main 
and folded bands, respectively. The dispersions for the 
main and folded bands, resulting from the centers of the 
Lorentzians, are shown by the blue and green filled cir- 
cles in Fig.lllja). The corresponding spectral weights are 
represented as a function of energy by the blue and green 
open circles in Fig.[5Jb), and as a function of momentum 
in Fig. m^c). The total spectral weight + V^, shown 



by the red open circles in Figs. [2l[b)-(c), is found to be 
constant within error bars. This indicates that the sum 
rule is obeyed. Thus, the average of the total spectral 
weight was taken as an absolute normalization factor for 
the amplitude of each band to define the vertical scales in 
Figs. [2]Jb)-(c). Note that the experimental band velocity 
is about 20 meV/0.01 A"^ 2 eV A, which together with 
the linewidth of ~ 0.1 A~^ from Fig.[T]Je) gives a scatter- 
ing rate of approximately 200 meV, as in the simulations 
presented in Fig. [TJ 

For the second method, we calculated and from 
Eqns. [TJ [21 and [H These are completely determined 
by a model for the unfolded band, the folding vector 
and the AFM gap, independently of the experimental co- 
herence factors. We fitted the experimental main and 
folded bands in Fig. [2^ a) using a tight-binding band for 
Ek (we checked that other model bands, like a linearly- 
dispersing band, give consistent results) folded by a vec- 
tor Q = (7r/a,7r/a) with an AFM gap A = 130 meV 
-compatible with other estimates for samples of simi- 
lar doping d, [23, [2lj . The resulting calculated disper- 
sion and coherence factors are represented by the grey 
lines in Figs. [2lja)-(c). There is an excellent agreement 
between the two sets of coherence factors determined 
from the two independent procedures. This is unam- 
biguous evidence for long-range AFM band-folding and 
the presence of a small nodal hole-pocket Fermi-surface 
as shown in Fig. ^a). In fact, note that a hypothet- 
ical superposition of AFM non-SC regions and param- 
agnetic SC regions (which would be the case for, e.g., a 
non-homogeneous sample or for short-range AFM order), 
or equivalently, a superposition of single-sheet and two- 
sheet Fermi surfaces cannot possibly explain our obser- 
vations: the summed spectral weights of the superposed 
bands would obliterate any correlation to the expected 
coherence factors Additionally, scanning tunneling 
experiments on the same batch of samples found evidence 
for a local coexistence of antiferromagnetism and super- 
conductivity in all the explored regions of the sample [2l|. 

We checked (not shown) that similar analysis can be 
performed for band-folding observed along other cuts off 
the node, reinforcing the robustness of our conclusions. 

We can now estimate a lower bound for the AFM cor- 
relation length {£,afm) from the observed AFM folding: 
it was shown that dispersive folded bands exist when 
iAPM ^ hvp / [-KkBT), where vp is the Fermi velocity 
and the right-hand-side is the electron thermal wave- 

2 eV A, we 



length [22 



23(. From the measured hvp 
deduce that at 5 K, in the SC state, £,afm ^ 1480 A, or 
equivalently S,afm 3> 400a, i n ag reement with estimates 



from recent SdH oscillations [ll|. Furthermore, accord- 
ing to neutron scattering data in other electron-doped 
cuprates, the onset of long-range AFM order is reached 
when UpAi/a - 200 - 400 Hence, we conclude 

that long-range antiferromagnetism and superconductiv- 
ity coexist in the samples studied here. 
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reported electron pockets at (0,7r/a) [a, Q and the non- 
monotonic SC gap over the whole Fermi surface [13] , 
our observations imply that electron-doped cuprates are 
two-Fermi-surface superconductors, and suggest that, in 
contrast to the nodal hole pocket, the electron pocket 
around (0,7r/a) becomes fully gapped in the SC state, 
the gap being nearly isotropic. As proposed by several 
theories of electron-doped cuprates 18, 25, 2^, a two-SC- 
gap picture would explain the apparent non-monotonic 
d-wave gap and the anomalous temperature dependence 
of the superfluid density [27|, which presents a positive 
curvature close to -a property of two-band supercon- 
ductors 1281. 



FIG. 3: (a) EDCs integrated over ±0.05 around kp in 
the normal state at 20 K (black lines) and in the SC state 
at 5.7 K (color lines). The different colors represent different 
loci around the nodal arc region of the Fermi surface -see 
(b), where the angle around the Fermi surface (FS) is also 
defined, (c) Enlarged view of the two EDCs in the SC state 
at the node and at ~ 12° away, (d) Leading-edge shift (SC 
with respect to normal) of the EDCs a± kp shown in panel 
(a), as a function of the angle. The black line is a fit to the 
data using a monotonic d-wave gap of amplitude ~ 1.5 meV. 
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We now study the SC gap in the hole pocket around 
the diagonal direction. Figure WLfi-) presents the energy 
distribution curves (EDCs) at the Fermi wave vector kp 
in the normal state at 20 K (black lines) and the SC 
state at 5.7 K (color lines) at several loci in the Fermi- 
surface hole-pocket specified in Fig.jSjb). Fig.[3ljc) shows 
the two EDCs at 5.7 K along the node and ~ 12° away 
from the node. In the SC state, the leading edge of each 
EDC shifts to larger binding energies as one moves away 
from the node. In order to estimate the momentum- 
dependence of the SC gap (Asc), we fitted the EDCs 
in the normal and SC states in figure [Sja) by resolution- 
broadened Fermi-Dirac functions with the Fermi energy 
(defining the leading-edge energy) being determined by 
the fit. The resulting leading-edge shift (A^^;) as a 
function of angle around the Fermi-surface is shown in 
Fig. [3l[d). It is compatible with a d-wave gap of am- 
plitude ^ 1.5 meV, as shown by the fit (black line) in 
Fig. Illjd). Using Tc = 12.5 K, and the empirical rela- 
tion 2 X Alb ~ ^sc 0, the maximum SC gap that 
the system would have in absence of band folding is 
Ag'^^/fcsT'c w 2.8. This is comparable to the weak- 
coupling d-wave BCS value of 2.14 and to the ratio of 
2.2 from measurements of the SC gap near the hot spots 
in other electron-doped cuprates [9j, llO| ■ 

In summary, our data give new crucial inputs to the 
understanding of electron-doped cuprates. We directly 
observed the small Fermi-surface nodal hole pockets, 
where a d-wave-like SC gap opens, and proved that long- 
range antiferromagnetism and superconductivity coexist 
in optimally-doped SCCO. Together with the previously 
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